Dry sliding wear studies of aluminum matrix hybrid composites  by Monikandan, V.V. et al.
Research paper
Dry sliding wear studies of aluminum matrix hybrid composites
V.V. Monikandan *, M.A. Joseph, P.K. Rajendrakumar
Department of Mechanical Engineering, National Institute of Technology, Calicut 673601, Kerala, India
Received 6 June 2016; received in revised form 1 October 2016; accepted 5 October 2016
Available online 9 November 2016
Abstract
In the present work, hybrid composites are fabricated with self-lubricating characteristics to make them as resource-efficient materials.
AA6061-10 wt. % B4C–MoS2 hybrid composites reinforced with 2.5, 5 and 7.5 wt. % concentration of MoS2 particles are produced using stir
casting technique, and mechanical and tribological properties are evaluated. Microstructural characterization of the hybrid composites revealed the
uniform distribution of reinforcement (B4C and MoS2) particles in the matrix material. Hardness and fracture toughness of the hybrid composites
are decreased monotonously with an increase in the addition of MoS2 particles. Dry sliding tribological studies conducted using a pin-on-disk
tribotester under atmospheric conditions revealed the formation of MoS2-lubricated tribolayer on the worn pin surface which significantly
influenced the tribological properties. The addition of MoS2 particles decreased the friction coefficient and wear rate of the hybrid composites.
Delamination and abrasion are observed to be the controlling wear mechanisms and material in the form of platelet-shaped debris, and flow-type
chip debris is formed, and a long and shallow crater on the worn pin surface of the hybrid composite is also observed.
© 2016 Tomsk Polytechnic University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Aluminum alloys are broadly used in the automotive sector
because of their high strength to weight ratio, suitability to cast
into leak proof parts, ability to resist mechanical forces at
temperatures near 145 °C and high thermal conductivity [1].
Monolithic aluminum alloys exhibit poor wear behavior com-
pared to the particle reinforced Aluminum Matrix Composites
(AMCs) [2,3]. The literature on B4C reinforced Metal Matrix
Composites (MMCs) is sparse because of the higher cost of
B4C particles compared to the conventional ceramic particles
such as SiC particles [4] and Al2O3 particles [5]. Kennedy [4]
observed that large specific property improvements of MMCs
could be attained by using B4C particles as the reinforcement
phase. Hence, an AA6061-10 wt. % B4C mono composite was
produced using liquid metallurgy stir casting technique, and its
tribological properties were studied [6]. Solid lubrication prop-
erty was imparted by reinforcing the mono MMC with solid
lubricants such as molybdenum disulfide (MoS2), graphite (Gr)
and tungsten disulfide (WS2). In dry environmental conditions,
the use of MoS2 particles as a solid lubricant was shown to be
far more suitable than Gr particles [7]. During stir casting, the
addition of 4% Mg to improve the wettability of MoS2 and SiC
particles with the aluminum matrix material resulted in consid-
erable improvement in ultimate tensile strength and hardness of
the Al–SiC–MoS2 hybrid composites [8].
Literature was reviewed to observe the influence of MoS2
particles on the mechanical properties of MoS2 reinforced com-
posites. Deng et al. [9] observed that the hardness, flexural
strength and fracture toughness of Al2O3–TiO2–MoS2 hybrid
composites are decreased with increase in MoS2 addition due to
the formation of pores generated by the melting and escaping of
MoS2 particles during the hot pressing process. The sintering
temperature employed for hot pressing of the hybrid composite
specimen was 1700 °C. Kato et al. [10] studied the hardness
and bending strength of Cu–Sn–MoS2 composites and observed
that both the hardness and bending strength were increased
while the concentration of MoS2 particles was up to 5 vol. %.
However, as the concentration was increased beyond 5 vol. %,
both the hardness and bending strength were decreased.
Several studies were conducted to assess the role of MoS2
particles in the tribological properties of MoS2 reinforced
composites. Dharmalingam et al. [11] statistically analyzed the
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tribological properties of Al–Al2O3–MoS2 composites that were
slid against EN 32 counterface and observed that the specific
wear rate and friction coefficient were significantly influenced
by the addition of MoS2 particles. Also, Dharmalingam et al.
[12] studied the abrasive wear behavior of Al–Al2O3–MoS2
composites and reported that both the wear rate and friction
coefficient were decreased with increased content of MoS2 par-
ticles. In both the studies, the Al–Al2O3–MoS2 composites were
fabricated through stir casting technique. Dry sliding tribologi-
cal tests of Ag–Cu–MoS2 composites mated against Ag–Cu
counter disc revealed the formation of MoS2-rich transfer layer
which reduced the wear loss and friction coefficient of the
composites. Delamination and abrasion were stated to be the
dominant wear mechanisms that influenced the tribological
behavior of the Ag–Cu–MoS2 composites within the applied
load range of 1–4 N [13]. A study of the tribological properties
of Cu–MoS2 and Cu–MoSe2 composites that were mated
against Cu counterface revealed the incurrence of adhesive
wear. It was also observed that the solid lubrication becomes
more significant for the composites having MoS2 or MoSe2
concentration greater than 5 wt. % [14]. Dhanasekaran and
Gnanamoorthy [15] studied the tribological properties of
Fe–Cu–C alloy containing MoS2 particles, and it was observed
that the composites exhibit better tribological properties up to 3
vol. % of MoS2 particles addition. However, the composites
exhibit poor tribological properties as the concentration of
MoS2 particles is increased to 5 vol. %.
Literature mentioned above makes it clear that the environ-
ment of testing, concentration of MoS2 particles and the forma-
tion of MoS2-lubricated tribolayer influence the tribological
properties of the materials added with MoS2 particles. It is
understood that the mechanical properties are also influenced
by the concentration of MoS2 particles. In this work, particle-
reinforced AA6061-B4C–MoS2 hybrid composites with various
MoS2 concentrations are fabricated, and their tribological and
mechanical properties are studied. Also, the mechanical and
tribological properties of the hybrid composites are compared
with those of theAA6061-10 wt. % B4C mono composite [6] to
understand the influence of MoS2 particles addition. Due to
their self-lubricating properties, Al–B4C–MoS2 hybrid compos-
ites can be possible materials to fabricate different automotive
components and also their self-lubricating characteristics can
eliminate the need for external lubrication system during
sliding.
2. Fabrication of hybrid composites
The casting method used to fabricate the hybrid composites,
as well as the materials used for the fabrication, is detailed in
the following sections.
2.1. Materials
AA6061 (Mg – 0.86, Si – 0.67, Fe – 0.19, Cu – 0.21, Ti –
0.018, Mn – 0.04, Cr – 0.05, Zn – 0.004, B – 0.003, Pb – 0.001,
and the rest Al by wt. %), supplied by M/s. Hindalco Ind. Ltd.,
India, is selected as the primary phase. B4C particles (supplied
by M/s. Bhukhanvala Ind. Pvt. Ltd., India) of 30 μm Average
Particle Size (APS) and MoS2 particles (supplied by M/s. Otto
Chemie Pvt. Ltd., India) of 130 μm APS are selected as the
secondary phase.
2.2. Stir casting
Fig. 1(a) shows the macrograph of the stir casting equipment
that is used to fabricate AA6061-10 wt. % B4C–MoS2 hybrid
composites reinforced with 2.5, 5, and 7.5 wt. %MoS2 particles
through stir casting. The crucible and stirrer are made of stain-
less steel, and the permanent mold and skimmer are made of
mild steel. The stir casting process is carried out in a step by
step procedure. The crucible, stirrer, permanent mold, and
skimmer are coated with coatings that have water as carrier
and vermiculite and refractory pigments as concentrates. The
coating prevents the reaction between the melt and the metallic
components that come into contact with the melt. The coated
components are heated to 180 °C to evaporate the carrier
(water) after coating. Time (10 min) is given for the evaporation
to complete, and then the argon gas is supplied continuously to
the crucible to prevent the reaction of matrix material with the
atmospheric air. AA6061 alloy bars cleaned with acetone are
placed inside the crucible, and the electric furnace is heated to
800 °C that is higher than the melting point (621 °C) of the
AA6061 alloy to compensate for the heat loss incurred due to
stirring [6]. The temperature at which the addition of the rein-
forcement particles, stirring, and pouring are carried out, is
above the liquidus temperature of the melt [6]. The melt
temperature is maintained at a precision of ±2 °C throughout
the casting process. 1 wt. % of magnesium (Mg) is added to the
melt in the form of Al–Mg master alloy to enhance the
wettability of the reinforcement particles with the matrix mate-
rial [16]. Hydrogen has significant solubility in molten alumi-
num, and high concentration of hydrogen causes porosity
defects in the cast specimen.
Hexachloroethane (C2Cl6) tablets are used to remove hydro-
gen from the melt. Dried tablets are held with tongs and
immersed in the melt inside the crucible. The tongs are held just
above the crucible bottom and 5 min (approx.) is given for the
decomposition of the tablet that ensures efficient hydrogen
removal throughout the melt. The tablet decomposes and forms
aluminum chloride (AlCl3) bubbles in the melt that entraps the
hydrogen gas and rises to the melt surface to expel the hydrogen
gas to the atmosphere [17]. Granular cleaning flux is then added
into the melt to remove the other non-metallic inclusions and
oxides from the melt. The melt surface is then skimmed by
using a skimmer. The reinforcement particles (B4C and MoS2)
are mixed in an aluminum agate mortar and pestle, and the
particles mixture is preheated and maintained at 300 °C. A
detachable stainless steel stirrer is fixed over the furnace and
immersed into the melt. The stirrer is run at the speed of
450 rpm to form a vortex [18]. The predetermined amount of
reinforcement particles is added into the vortex of the melt. The
stirring holds the reinforcement particles in suspension
throughout the melt that helps to attain a homogenous distribu-
tion of the reinforcement particles in the matrix material. After
the addition of particles, stirring is further continued for
1500 sec. The composite melt is then poured into the mold by
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bottom pouring through the pouring valve that is opened by
actuating the lever. Fig. 1(b) shows the flow of composite melt.
The hybrid composite is solidified at atmospheric conditions.
Fig. 1(c) shows the stir cast hybrid composite within the dis-
mantled mold. In an earlier work, the authors reported in detail
the stir casting procedure of the mono composite [6].
3. Testing and characterization scheme
The details of hardness tests, fracture toughness tests, and
tribotests conducted in the present work are explained in the
following sections.
3.1. Hardness tests
The hybrid composite specimens for the hardness tests
were polished using 400, 600 and 1000 grit abrasive sheets. The
hardness of the mono and hybrid composite specimens was
measured using a Brinell hardness tester. The carbide ball
indenter was pressed at a test force of 500 kg for a dwell time of
15 sec at five different locations on the specimen surfaces. The
mean of five hardness readings was used to plot the graph.
Standard deviation is indicated by the error bars.
3.2. Fracture toughness tests
The Compact Tension (CT) specimens were machined from
the bulk composites as per the dimensions are shown in Fig. 2.
The fracture toughness tests were conducted using a Universal
Testing Machine (UTM).
The dimensions were based on the standard proportions and
tolerances mentioned in the ASTM standard E399-12e3 for CT
specimens [19]. Starter notch was machined in the specimens to
ensure the initiation of crack at the right place [20]. The tensile
load is applied to test the specimens, and each composite
specimen was tested three times, and the mean of the three test
results was used to plot the graph. The error bars show the
standard deviation.
3.3. Tribotests
The dry sliding wear tests were performed using a pin-on-
disk type tribotester (Ducom, TR-20 LE). Tests were done in
adherence to ASTM G99-05(2010) standard under atmospheric
conditions (1 atm., and 30 ± 1 °C) for the sliding speeds of
0.5, 1, 1.5, 2 and 2.5 m/s, the applied load of 20 N and sliding
distance of 1000 m. The test specimen was a cylindrical pin of
8 mm diameter and 30 mm in height. The pin surfaces were
rough polished using 600 grit SiC abrasive sheets to reduce the
protrusion of B4C particles that may cause the microcutting of
the counterface at the beginning of sliding [21]. EN 31 bearing
steel disc (C – 0.99, Mn – 0.35, Si – 0.25, P – 0.025, S – 0.025,
Cr – 1.40, Mo – 0.1, Ni – 0.25, Cu – 0.35, and the rest Fe by wt.
%), supplied by M/s. Ducom Instruments, India, was used as
the counterface whose hardness and surface roughness were 65
HRC and 0.1 μm, respectively. The weight loss after each test
was quantified at a sensitivity of 0.1 mg using a precision
balance (Sartorius, Secura 613-1S). The wear rate is computed
using the formulaW = δW/S whereW is the wear rate in mg/m,
Fig. 1. Macrographs of (a) Stir casting equipment (1. Argon gas cylinder, 2. Electric furnace, 3. Stirrer, 4. Control unit and 5. Mild steel mold), (b) Flow of the
composite melt (1. Melt and 2. Mild steel mold) and (c) Dismantled mild steel mold (1. Cast specimen).
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δW is the weight difference of the pin specimen before and after
the test in mg and S is the sliding distance in m. Each test was
repeated three times to confirm the repeatability of the tests,
and the mean of three readings was used to plot the graphs and
error bars show the standard deviation.
In this work, the tribological properties of the AA6061-
10 wt. % B4C mono composite [6] and AA6061-10 wt. %
B4C–MoS2 hybrid composites reinforced with 2.5, 5 and 7.5 wt.
% MoS2 particles were compared to understand the influence
of MoS2 particles addition.
3.4. Characterization scheme
The distribution of reinforcement particles (B4C and
MoS2) in the matrix material was analyzed using an Optical
Microscope (Olympus, BX-51) and an X-ray powder
diffractometer (Panalytical, Empyrean). The worn pin surfaces
were characterized using a Scanning Electron Microscope
(SEM, Hitachi, SU6600). The 3D surface profiles (evaluation
area – 106 × 106 μm) of the worn pin surfaces and the mean
surface roughness (Sa) were obtained using a laser microscope
(Olympus, 3D measuring laser microscope LEXT OLS4000).
4. Results and discussion
In the following sections, the metallographic analysis,
hardness, fracture toughness, and tribological properties of
the hybrid composites are discussed.
4.1. Metallographic analysis
Metallographic specimens are cut from the bulk hybrid com-
posites using a precision micro cutting machine which is
equipped with a diamond wafer blade. The polishing process is
carried out manually by using the metallographic grinding and
polishing machine. The specimens are ground using SiC abra-
sive coated grinding discs of grit sizes 240, 320, 400, 500, 600,
800 and 1000.Water is sprayed continuously over the disc to act
as a lubricant during grinding. After each grinding step, the
specimen is swabbed with cotton soaked in warm water which
is kept at 80 °C. After the final grinding step, in addition to the
process of swabbing the specimen surface with soaked cotton,
the specimen surface is sprayed with ethanol and dried. The
specimens are polished with the diamond paste of grades 6, 3,
and 1-microns, respectively to remove the damages caused by
grinding. The diamond paste is manually applied and spread
over the synthetic velvet cloth with the long nap. A new pol-
ishing cloth is used for each diamond paste grade to avoid
scratches on the specimen surface. Diamond extender is used
as the lubricant, and the paste is replenished for every few
minutes. The lubricant prevents the heat generation during pol-
ishing and maintains the polishing cloth in the moist condition.
Also, it enables the diamond abrasive particles to roll and slide
freely between the specimen surface and the cloth.
The specimens are etched with Dix-Keller’s reagent (2 ml
hydrofluoric acid, 3 ml hydrochloric acid, 5 ml nitric acid and
190 ml distilled water) to enhance the microstructural features.
Etching is done by swabbing.
The specimens are held in plastic tongs, and its surface is
swabbed using the reagent saturated cotton (surgical grade) that
is held in another plastic tongs. Etching is stopped as the suit-
able degree of dulling is exhibited by the specimen surface.
Then the specimens are cleaned first with water and then with
ethanol, and dried. Fig. 3 shows the specimens prepared for the
metallographic analysis. Fig. 4(a)–(c) shows the metallographs
of the 2.5, 5 and 7.5 wt. % MoS2 hybrid composites. Distribu-
tion of reinforcement particles in theAA6061 matrix material is
observed from the metallographs. Details of the metallographic
analysis of AA6061-10 wt. % B4C mono composite are avail-
able in an earlier work [6].
4.2. X-ray diffraction analysis
Fig. 5 shows the X-ray diffraction patterns of the 2.5, 5 and
7.5 wt. % MoS2 hybrid composites. The diffraction patterns
Fig. 2. Schematic of the CT specimen used for fracture toughness tests.
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reveal the presence of matrix material and reinforcement
particles (B4C and MoS2).
Also, it is noted that there is no formation of intermetallic
compounds due to the reaction between the matrix material
and reinforcement particles. The X-ray diffraction pattern
of the mono composite is also available in an earlier work [6].
4.3. Hardness studies
Fig. 6 shows the effect of MoS2 addition on the hardness
of the hybrid composites. It is evident that the hardness of
the mono composite is higher than that of the hybrid compos-
ites. The hardness of the hybrid composites decreases gradually
with increase in MoS2 particles addition.
The decrease in hardness with the increase in MoS2
particles addition is attributed to the lubrication property
of the MoS2 particles which facilitates ease movement
of grains along the slip planes due to which the specimen
deforms easily under the indenter of the hardness tester
[22].
Fig. 3. Macrograph showing the metallographic specimens of the hybrid com-
posites (1.AA6061-10 wt. % B4C–2.5 wt. %MoS2, 2.AA6061-10 wt. % B4C–5
wt. % MoS2 and 3. AA6061-10 wt. % B4C–7.5 wt. % MoS2).
Fig. 4. Metallographs of the hybrid composites: (a) AA6061-10 wt. % B4C–2.5 wt. % MoS2, (b) AA6061-10 wt. % B4C–5 wt. % MoS2 and (c) AA6061-10 wt. %
B4C–7.5 wt. % MoS2.
Fig. 5. X-ray diffraction patterns of AA6061-10 wt. % B4C–MoS2 hybrid com-
posites reinforced with 2.5, 5 and 7.5 wt. % MoS2 particles.
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4.4. Fracture toughness studies
Fig. 7 shows the effect of MoS2 addition on the fracture
toughness of the hybrid composites. The fracture toughness
decreases with increase in MoS2 particles addition.
The fractograph of the 7.5 wt. % MoS2 hybrid composite
which is shown in Fig. 8 reveals the particles segregation
(marked with arrow). In a particles segregated region, the
inter-particle spacing is low, and the matrix material is very
less. Ease of propagation of the crack through the particles
segregated region enhances the fracture process which leads to
the reduction in fracture toughness of the composites and the
failure is predominantly due to intergranular brittle fracture as
observed in Fig. 8.
4.5. Tribological studies
In this section, the influence of sliding speed and concentra-
tion of MoS2 particles on the wear rate and friction coefficient
are discussed.
4.5.1. Effect of sliding speed on wear rate
Fig. 9 shows the variation of wear rate with sliding speed for
a fixed sliding distance of 1000 m and applied load of 20 N. It
is inferred from Fig. 9 that for all the hybrid composites studied,
the wear rate decreases with sliding speed, up to 2 m/s which
is attributed to the formation of MoS2-lubricated tribolayer
between the contact surfaces. Also, Subramanian [23] observed
that the increase in sliding speed causes the increase in strain
rate which, in turn, increases the hardness. The increase in
Fig. 6. Hardness of the AA6061-10 wt. % B4C mono composite and
AA6061-10 wt. % B4C–MoS2 hybrid composites reinforced with 2.5, 5 and 7.5
wt. % MoS2 particles.
Fig. 7. Variation of fracture toughness of the AA6061-10 wt. % B4C mono
composite and AA6061-10 wt. % B4C–MoS2 hybrid composites reinforced
with 2.5, 5 and 7.5 wt. % MoS2 particles.
Fig. 8. SEM fractograph of AA6061-10 wt. % B4C–7.5 wt. % MoS2 hybrid
composite showing segregation of reinforcement particles (marked with
arrow).
Fig. 9. Variation in wear rate as a function of sliding speed (sliding distance of
1000 m and applied load of 20 N).
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hardness reduces the true area of contact between the tribo-
couple contact surfaces which leads to decrease in wear rate.
Fig. 10(a) shows the schematic of the 7.5 wt. %MoS2 hybrid
composite pin surface before sliding. During sliding, the sub-
surface plastic deformation causes the MoS2 particles to
squeeze onto the worn pin surface [24] (refer to Fig. 10b) and
micro-cracks are formed on the B4C particles (refer to Fig. 10b)
which lead to its fracture into fine particles. Similar observation
of cracking of ceramic particles into fine sized particles was
reported by Sannino and Rack [25] for Al–SiCp and 17-4 PH
tribo-couple during sliding. The squeezed MoS2 particles get
smeared and mixed with debris on the contact surfaces and
get transferred back and forth with the debris between the
tribo-couple which, in turn, leads to the formation of MoS2-
lubricated tribolayer as shown in Fig. 10(c). MoS2-lubricated
tribolayer formed on the worn pin surface of the 7.5 wt. %
MoS2 hybrid composite is shown in Fig. 11(a). Fig. 11(b) shows
the BSE micrograph which depicts the smeared MoS2 particles
(marked with arrow) and Fig. 11(c) shows the high magnifica-
tion BSE micrograph which illustrates the interface between
the smeared MoS2 particles and the matrix material debris
(marked with dotted line). In the case of a mono composite, the
Fig. 10. Schematic showing (a) Pin surface of 7.5 % hybrid composite, (b) Squeezing of MoS2 particles and microcracking of B4C particles and (c) Formation of
MoS2-lubricated tribolayer (1. MoS2 particle, 2. B4C particle, 3. Matrix material, 4. Cracked B4C particle, 5. Squeezed MoS2 particle and 6. MoS2-lubricated
tribolayer).
Fig. 11. SEM micrograph of 7.5 wt. % MoS2 hybrid composite worn pin surface: (a) MoS2-lubricated tribolayer, (b) BSE micrograph showing smeared MoS2
particles (marked with arrow) and (c) High magnification BSE micrograph showing interface between smeared MoS2 particles and matrix material debris (marked
with dotted line) (sliding speed 0.5 m/s, applied load 20 N and sliding distance 1000 m).
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microcracked fine B4C particles get mixed with the debris
to form Mechanically Mixed Layer (MML) to provide solid
lubrication [6].
As the sliding speed increases beyond 2 m/s, the wear rate is
increased due to the friction-induced temperature rise which
softens the hybrid composite materials to undergo severe plastic
deformation [23]. This phenomenon, in turn, causes the incur-
rence of shear fracture in the subsurface which disintegrates the
MoS2-lubricated tribolayer. Consequently, metallic contact is
established between the tribo-couple contact surfaces leading to
the increase in wear rate due to the induction of delamination
wear mechanism.
Fig. 12(a) shows the delaminated worn pin surface of 5 wt.
% MoS2 hybrid composite. The material is removed in the form
of platelet-shaped particles from the worn pin surface which
consequently leads to the formation of a shallow crater. A
dotted curve is drawn on the worn pin surface to separate the
un-delaminated surface region and the delaminated surface
region having the shallow crater. Also, sliding grooves (marked
with arrow) are observed throughout the shallow crater surface,
and Fig. 12(b) shows the high magnification micrograph
which illustrates the region marked with the dotted ellipse on
Fig. 12(a). It shows the crack propagation (marked with arrow)
through the worn pin surface. The propagation of the crack
leads to the production of delaminated debris due to the delami-
nation mechanism. Fig. 12(c) shows a delaminated particle
(marked with arrow) which is attached scantly to the worn pin
surface. The presence of shallow sliding grooves (marked with
dotted arrow) is also evident. Fig. 12(d) shows the high mag-
nification micrograph of Fig. 12(c), which illustrates the
presence of a crack (marked with arrow) and cross-hatching
(marked with dotted arrow) on the surface of the delaminated
Fig. 12. SEM micrographs showing (a) Long shallow crater surface (dotted curve divides the delaminated and un-delaminated surface regions), sliding grooves
(marked with arrow) and region of crack propagation (marked with dotted ellipse). (b) High magnification micrograph showing propagation of crack (marked with
arrow). (c) Delaminated particle (marked with arrow) and sliding grooves (marked with dotted arrow). (d) High magnification micrograph showing crack (marked
with arrow) and cross-hatching (marked with dotted arrow). (e) Cross-hatchings on shallow crater surface (marked with arrow). (f) Severely damaged region and
cross-hatchings (marked with arrow) on the worn pin surface of 5 wt. % MoS2 hybrid composite (sliding speed 2.5 m/s, applied load 20 N and sliding distance
1000 m).
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particle. Fig. 12(e) shows the high magnification micrograph of
Fig. 12(a), which depicts the cross-hatchings (marked with
arrow) on the shallow crater surface.
As the sliding speed is increased from 2 to 2.5 m/s, abrasion is
also observed on the worn pin surface. Fig. 12(f) shows the
abrasion induced severe damage and cross-hatchings (marked
with arrow) on the worn pin surface. The platelet-shaped delami-
nated debris is formed by the growth of the cross-hatchings.
Fig. 13 shows the abrasion induced severely damaged worn
pin surface of 7.5 wt. % MoS2 hybrid composite having rela-
tively undamaged continuous and narrow strip (marked with
arrow) which may be formed due to the lubrication offered
during sliding by the MoS2 particles entrapped between the
tribo-couple. The increase in sliding speed from 2 to 2.5 m/s
leads to the abrading of the counterface by B4C particles which
lead to the formation of counterface debris (marked with arrow)
as shown in Fig. 14(a). The wear debris of the pin specimen
is also seen in the form of debris lumps (marked with dotted
arrow).
The edges of the counterface debris are cleaved throughout
its circumference as shown in the high magnification micro-
graph of Fig. 14(b). EDS spectrum revealed the chemical
composition (Fe 49.95, Al 22.04, O 27.56 and Cr 0.46) of the
counterface debris where the dominant constituent is Fe. Chip-
like debris is also produced with the increase in sliding
speed. Fig. 15(a) shows chip-like debris of 5 wt. %MoS2 hybrid
composite. The region marked with dotted circle in Fig. 15(a) is
shown in the high magnification micrograph of Fig. 15(b)
which depicts layers of overlapping matrix material (marked
with arrow). Cavities (marked with dotted arrow) and cracks
(marked with open arrow) are also observed. A high magnifi-
cation micrograph of Fig. 15(b) shown in Fig. 15(c) depicts
shallow sliding grooves (marked with arrow) on the debris
surface. Fig. 16 shows flow-type chip debris having lamella
structure which is formed due to the abrasion [26].
Fig. 17 shows the worn pin surface of 7.5 wt. %MoS2 hybrid
composite which illustrates the presence of wear debris clusters
(marked with arrow) scattered on the worn pin surface. The
wear debris clusters constitute the remaining of the disinte-
grated MoS2-lubricated tribolayer. It is observed from Fig. 17
that the worn pin surface is relatively undamaged on the regions
where the wear debris clusters are scattered. Also, cracks
(marked with dotted arrow) are observed on the worn pin
surface regions where the wear debris clusters are not present.
Fig. 13. SEM micrograph showing a continuous and narrow relatively undamaged strip (marked with arrow) on the severely damaged worn pin surface of 7.5 wt.
% MoS2 hybrid composite (sliding speed 2.5 m/s, applied load 20 N and sliding distance 1000 m).
Fig. 14. SEM micrograph showing (a) Counterface debris (marked with arrow) and wear debris (marked with dotted arrow) of 7.5 wt. % MoS2 hybrid composite
and (b) High magnification micrograph showing cleaved circumferential edges of the counterface debris (sliding speed 2.5 m/s, applied load 20 N and sliding
distance 1000 m).
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During sliding, some of the wear debris released from the
tribo-couple contact area move towards the periphery of
the counterface. However, some wear debris will adhere to
the worn pin surface as shown in Fig. 18(a). It is observed
that the wear debris made a trail (marked with arrow) as it
moved from one place on the worn pin surface to the other.
Fig. 18(b) shows the distance between the possible originating
region and the present position of the debris as 114 μm (marked
with up down arrow with base on both ends).
Fig. 19(a) and (b) shows the worn pin surface of the mono
composite and its corresponding 3D surface profile. Fig. 20(a)
and (b) shows the worn pin surface of the 7.5 wt. % MoS2
hybrid composite and its corresponding 3D surface profile.
The 3D surface profile of the mono composite is rougher due
to the distinct sliding grooves (refer to Fig. 19(a)) observed on
the worn pin surface. In comparison, the 3D surface profile
of the 7.5 wt. % MoS2 hybrid composite is smoother due to the
shallow sliding grooves (refer to Fig. 20(a)) observed on the
worn pin surface.Also, at the sliding speed of 2.5 m/s, the mean
surface roughness (Sa) of the mono composite is 3.532 μm
which is higher than that of the 7.5 wt. % MoS2 hybrid com-
posite. Sa value of the 7.5 wt. % MoS2 hybrid composite is
1.317 μm. Smoothening of the contact surfaces by the smeared
Fig. 15. SEM micrograph showing (a) Chip-like debris and region of overlapping matrix material (marked with dotted ellipse), (b) High magnification micrograph
showing cavities (marked with dotted arrow), cracks (marked with open arrow) and overlapping matrix material (marked with arrow) and (c) High magnification
micrograph showing sliding grooves (marked with arrow) of 5 wt. % MoS2 hybrid composite (sliding speed 2.5 m/s, applied load 20 N and sliding distance 1000 m).
Fig. 16. SEM micrograph showing flow-type chip debris having lamella struc-
ture of 5 wt. % MoS2 hybrid composite (sliding speed 2.5 m/s, applied load
20 N and sliding distance 1000 m).
Fig. 17. SEM micrograph showing wear debris clusters (marked with arrow)
and cracks (marked with dotted arrow) on the worn pin surface of 7.5 wt. %
MoS2 hybrid composite (sliding speed 2.5 m/s, applied load 20 N and sliding
distance 1000 m).
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MoS2 particles reduces the Sa value of the hybrid composite
compared to that of the mono composite.
4.5.2. Effect of sliding speed on friction coefficient
Fig. 21 shows the variation of friction coefficient with
sliding speed for a fixed sliding distance of 1000 m and applied
load of 20 N. It is inferred from Fig. 21 that all the hybrid
composites exhibited the decrease in the friction coefficient
with the increase in sliding speed up to about 2 m/s due to the
solid lubrication provided by the MoS2-lubricated tribolayer. As
the sliding speed increases from 2 to 2.5 m/s, the friction coef-
ficient is increased. The wear rate is also increased for the
same sliding speed range of 2–2.5 m/s due to delamination. The
platelet-shaped delaminated wear debris causes severe destruc-
tion on the worn pin surface which leads to the increase in
friction coefficient. Ma and Lu [27] studied the tribological
properties of Cu–Gr composites and observed that for the
sliding speed range of 0.5–8 m/s, the specific wear rate and
friction coefficient are increased. This finding is nearly similar
to the observation made in the present work for the sliding
speed range of 2–2.5 m/s.
Formation of MML reduced the friction coefficient for the
mono composite up to 2 m/s [6] beyond which it is increased
due to the friction induced by the sliding of delaminated debris
in between the tribo-couple contact surfaces. The mono com-
posite exhibits higher friction coefficient compared to that of
Fig. 18. SEM micrographs showing (a) Trail of the wear debris (marked with
arrow) and (b) Distance traveled by the wear debris (marked with up down
arrow with base on both ends) of 5 wt. %MoS2 hybrid composite (sliding speed
2.5 m/s, applied load 20 N, sliding distance 1000 m).
Fig. 19. Confocal laser microscopy images showing (a) Worn pin surface and (b) 3D surface profile of mono composite (sliding speed 2.5 m/s, applied load 20 N
and sliding distance 1000 m).
Fig. 20. Confocal laser microscopy images showing (a) Worn pin surface and (b) 3D surface profile of 7.5 wt. % MoS2 hybrid composite (sliding speed 2.5 m/s,
applied load 20 N and sliding distance 1000 m).
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the hybrid composites due to the absence of solid lubricant
layer.
5. Conclusions
In summarizing the study on mechanical and tribological
properties of AA6061-B4C–MoS2 hybrid composites the fol-
lowing inferences are derived.
• The hardness of the hybrid composites decreases monoto-
nously with the increase in MoS2 particles addition. The
hybrid composites become easily deformable with the
increase in MoS2 particles concentration leading to a
decrease in hardness.
• The fracture toughness of the hybrid composites is
decreased with increase in MoS2 particles addition.
Fractograph of 7.5 wt. % MoS2 hybrid composite reveals
segregation of reinforcement particles which enhances the
fracture process.
• Formation of MoS2-lubricated tribolayer reduces the wear
rate of the hybrid composites up to a sliding speed of
2 m/s, beyond which the wear rate is increased due to the
disintegration of the MoS2-lubricated tribolayer which
leads to the induction of delamination and abrasion wear
mechanisms.
• The presence of MoS2 particles between the contact surfaces
reduced the wear rate and friction coefficient of the hybrid
composites compared to the mono composite. It is evident
from the above study that the hybrid composites exhibited
self-lubricating characteristics which make them resource-
efficient materials.
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